A novel technique is proposed for measuring the distributed strain and temperature in a fiber with a very high resolution. This technique makes use of the jagged appearance of Rayleigh backscatter traces from a single-mode fiber measured by using a coherent OTDR with a precisely frequency-controlled light source. Our preliminary experiment indicated the possibility of measuring temperature with a resolution of better than 0.01 • C and a spatial resolution of one meter. This temperature resolution is two orders of magnitude better than that provided by Brillouinbased distributed sensors. key words: fiber-optic sensor, distributed sensor, strain sensor, temperature sensor, OTDR
Introduction
Optical time-domain reflectometers (OTDR) are commonly used for characterization and fault location of optical fiber transmission systems. High-performance coherent OTDRs have been developed and used for testing optical amplifier submarine cable systems [1] , [2] . It is well known that when a coherent OTDR transmits coherent light pulses into a fiber, any single pulse response of the Rayleigh backscattering from the fiber will have a jagged appearance [3] . This is due to a speckle-like phenomenon caused by the addition of a vast number of scattered waves. When a measurement is performed using a conventional coherent OTDR, this jagged appearance may change from pulse to pulse due to variations in the laser frequency and is finally eliminated by the integration of many independent pulse responses. This phenomenon may degrade the accuracy of the optical loss measurement obtained with a coherent OTDR and hence certain techniques have been developed to reduce its influence [4] .
In contrast, the purpose of this study is to make use of this speckle-like phenomenon for measuring the distributed strain and temperature in a fiber with a very high resolution. In this paper we describe the principle and theoretical background of the proposed measurement technique and present the results of our preliminary experiment, which indicate the possibility of obtaining a temperature resolution of better than 0.01
• C and a spatial resolution of one meter. 
Measurement Principle
The jagged appearance of the OTDR trace has been described by using a one-dimensional impulse-response model of the backscattering from a fiber [3] . Here, we start with the same model. We assume that the probe signal is a unit amplitude rectangular pulse, W seconds long, of a quasimonochromatic optical carrier with a frequency ν, i.e. we assume that the light source coherence time is large compared with the pulse duration W. When we launch such a coherent light pulse into a fiber at t = 0, we obtain a backscattered wave e(t) at the input end of the fiber, which is given by
where a i and τ i are the amplitude and delay of the i-th scattered wave, respectively, N is the total number of scatterers, α is the fiber attenuation constant, c is the velocity of light in a vacuum, n f is the refractive index of the fiber, and rect( 
with
where
The quantity φ i j denotes the relative phase between the backscattered waves from the i-th and j-th scatterers. We set unimportant parameters at unity in Eqs. (1) to (4) . The subtotal term p a (t) represents the sum of the optical powers that are backscattered independently at each of Copyright c 2006 The Institute of Electronics, Information and Communication Engineers a large numbers of scatterers. When plotted as a function of t, it provides the usual OTDR trace that is obtained by sending an incoherent light pulse into the fiber. We know empirically that the usual OTDR trace, namely p a (t), does not change greatly with the strain and the temperature of the fiber or with the laser frequency of the probe pulse.
On the other hand, the subtotal term p b (t) accounts for the interference among backscattered waves from different scatterers. This term would vanish if the probe signal were an incoherent light pulse. In contrast, when the probe signal is a coherent light pulse, it gives rise to a jagged appearance in the OTDR trace that is the phenomenon of interest. Each term that contributes to p b (t) involves the cosine function cos φ i j where the relative phase φ i j is proportional to the laser frequency ν, the refractive index n f , and the scatterer space s i j = l i − l j as described by φ i j = 4πν n f s i j c . Therefore, the interference term p b (t) is a function of ν, n f , and s i j . Moreover, n f and s i j depend on the strain and temperature in the fiber, and hence p b (t) changes with them.
Since the backscattered power p(t)(= p a (t) + p b (t)) is dependent on the distributed strain and temperature in the fiber, as described above, we can measure the strain or temperature distribution by analyzing the measured backscattered power p(t), namely the OTDR trace, provided that we can precisely control the laser frequency of the probe pulse. The strain or the temperature is measured by comparing OTDR traces measured under different conditions, as described in the following.
First, at a time t 0 , we perform an OTDR measurement with a laser frequency ν 0 and express the measured OTDR trace by T R waveforms coincide, we know that the strain and temperature values at t 1 are the same as those at t 0 . By contrast, if the waveforms are different, we can recognize that the strain or the temperature has changed. In this case, we repeat the OTDR measurements with different laser frequencies ν. The frequency ν is varied step by step until the T R ν t 1 waveform coincides with the T R ν 0 t 0 waveform. Equation (4) shows that the T R ν 0 t 0 waveform can be reproduced by adjusting the laser frequency ν so that the relative phase φ i j becomes the same as that for the initial measurement at t 0 . The laser-frequency change ∆ν that compensates for the strain change ∆ε or the temperature change ∆T is given approximately by [5] 
where p e is an effective strain-optic constant defined as
p 11 and p 12 are components of the strain-optic tensor, and σ is Poisson's ratio. The quantity γ s = (1/s i j )(ds i j /dT ) is the thermal expansion coefficient for the fiber and γ n = (1/n f )(dn f /dT ) represents the thermo-optic coefficient. The amount of change in the strain or temperature is estimated by translating the change in the laser frequency to the corresponding values using Eq. (5) or (6).
Experiment on Jagged OTDR Trace
To examine the feasibility of our sensing method, we undertook an experimental investigation of the property of the jagged OTDR trace using a coherent OTDR that was constructed with a frequency-controlled light source. Figure 1 shows our experimental set up. We used a distributed-feedback laser diode (DFB-LD) whose frequency was locked to an absorption line of an HCN molecule at a wavelength of 1552.5 nm (YOKOGAWA: 3290S06) as a signal and local oscillator. The long-term stability of the laser frequency was 0.6 MHz and the shortterm linewidth was 3.0 MHz. The CW light from the DFB-LD was divided by a 3-dB coupler into two paths: the signal and the local oscillator. The probe pulses were produced by passing the signal light through an electro-optic modulator (EOM) and an acousto-optic modulator (AOM) both of which were driven synchronously by a pulse generator. The states of polarization were scrambled for both the probe pulses and the local oscillator using polarization controllers (PC) while measuring and averaging the backscattered signal so as to reduce polarization noise on the OTDR trace. The probe pulses were then amplified with an erbiumdoped fiber amplifier (EDFA) and launched into the sensing fiber. The backscattered signal from the sensing fiber was combined with the local oscillator and detected with a balanced-photodiode (PD) receiver. The 200 m-long sensing fiber was loosely coiled with a diameter of 15 cm and placed in a temperature-controlled box. This setting allowed us to roughly control the sensing fiber temperature while ensuring zero strain. Figure 2 shows the variation in the temperature at the center of the sensing-fiber coil over a period of sixty hours.
We carried out OTDR measurements periodically with a probe-pulse width of 5 ns and a receiver bandwidth of 50 MHz, which provided a spatial resolution of one meter. Figure 3 shows OTDR traces measured at time t A and t B in Fig. 2 . Each OTDR trace in Fig. 3 represents the integrated backscattered power of 3,000 measurements. It took five minutes to obtain each OTDR trace. The temperature at the center of the sensing-fiber coil was 23.63
• C with an error less than 0.002
• C at both t A and t B . The DFB-LD was switched on and off several times during the time interval between t A and t B . We can see that the two OTDR traces in Fig. 3 have a jagged appearance and are completely different from the well-known OTDR trace measured using a conventional OTDR. We can also see that the waveform is much the same for the two OTDR traces, in spite of the time interval of 48 hours between t A and t B and the repeated on and off switching of the DFB-LD during the time interval. We attributed the slight discrepancy between the two OTDR traces to a very small difference between the temperature distributions along the sensing fiber at time t A and t B . Such a temperature difference could occur even if the temperature at the center of the sensing-fiber coil remained exactly the same. This is because the temperature in the temperaturecontrolled box changed over time as shown in Fig. 2 and hence it could not be uniform within the box. The result in Fig. 3 confirmed that the OTDR trace always exhibits an identical waveform when the sensing fiber is placed under the same conditions (strain and temperature). This is an essential characteristic of the OTDR trace as regards our sensing technique. Figure 4 shows an OTDR trace measured at time t C . The OTDR trace at time t A is also shown for comparison. The temperature at the center of the sensing-fiber coil at time t C was 23.62
• C, 0.01 • C lower than that at time t A . We can see that the waveforms differ greatly in the two OTDR traces. The difference resulted from the 0.01
• C temperature difference. This confirms that we can detect a temperature change of 0.01
• C by finding a waveform change in the OTDR trace.
The results shown in Figs. 3 and 4 indicate the possibility of performing temperature measurements with a resolution of better than 0.01
• C and a spatial resolution of one meter. This temperature resolution is two orders of magnitude better than that provided by Brillouin-based distributed sensors [6] .
We know from Eqs. (5) and (6) that a laser-frequency change that compensates for a temperature change of 0.01
• C is equal to that for a strain change of 0.12 µε. Accordingly, the strain resolution of our sensing technique is estimated to be about 0.1 µε from the temperature resolution of 0.01
• C.
Conclusion
We proposed a novel technique for measuring the distributed strain and temperature in a fiber that makes use of the jagged appearance of Rayleigh backscatter traces. Our preliminary experiment indicated the possibility of measuring temperature with a resolution of better than 0.01 • C, which is two orders of magnitude better than that obtained with Brillouinbased distributed sensors.
